In radish pre-rRNA primary processing cleavage occurs at a UUUUCGCGC element (motif P) mapped in the 5-external transcribed spacer (Delcasso-Tremousaygue et al., 1988). Significantly, motif P is part of a cluster of homologous elements including three UUUUCCGG elements (motifs A 123 ) and a single UUUUGCCCC element (motif B). Here we used the EMSA to Identify In radish extracts an RNA-blndlng activity, NF C, that specifically interacts with the pre-rRNA A 123 BP sequence. Using different RNA probes and competitors we show that NFC recognises a 38 base RNA sequence including the 3'-end of motif A 3 and motifs B and P. NF C binds to poly U, but not to poly A, poly C or poly G. Therefore we used poly (U) Sepharose chromatography as a final step to obtain pure NF C fractions. These, analysed by SDS-PAGE, revealed two major polypeptides of 67 and 60 kDa. According to UV cross-linking analysis the 67 kDa polypeptide corresponds to NF C activity, while the 60 kDa species is a proteolysed form of this protein. We also showed that NF C is enriched in nuclear extracts. Based on Its stringent RNA substrate specificity and its nuclear localisation we propose that NF C is involved in pre-rRNA primary processing in plants.
INTRODUCTION
Nuclear genes coding for the 25S, 5.8S and 18S ribosomal RN As (rRNAs) are organised as head-to-tail tandem repeats of the coding sequences separated by internal spacers and a large intergenic spacer (IGS). Transcription of this unit by RNA polymerase I (RNA pol I) gives a primary rRNA precursor (pre-rRNA) comprising both the rRNA and the transcribed spacer sequences. The pre-rRNA is subsequently processed in the nucleolus to generate the mature rRNAs. Pre-rRNA processing involves specific nucleolytic cleavages which remove the intergenic spacers, base modification and ribosome assembly (for reviews see 1, 2) .
In all eukaryotes the first pre-rRNA processing event corresponds to an endonucleolytic cleavage on the 5'-extemal transcribed spacer (5'-ETS), several hundred nucleotides upstream from the 5'-end of the 18S coding sequence. Recent data obtained by transient expression of cloned rDNA in Xenopus laevis show that the first pre-rRNA cleavage occurs concomitantly with rDNA transcription, generating the typical Miller spread of eukaryotic rRNA transcription units characterised by terminal balls at the 5'-end of the nascent pre-rRNA (3). These terminal balls, observed in all eukaryotes including plants (4) , are large ribonucleoprotein particles (RNP) involved in the 5'-ETS processing (3) . In vertebrates the pre-rRNA primary cleavage has been reproduced in vitro using crude extracts from mouse and X. laevis cells (5) (6) (7) . The pre-rRNA processing activity detected in vitro depends on U3 small nucleolar RNA (snoRNA) and is correlated with the formation of RNP on the 5'-ETS detected by electrophoretic mobility shift assay (EMSA). Critical sequences directing pre-RNA primary processing and RNP formation are restricted to a few nucleotides encompassing the cleavage site which are relatively conserved in vertebrates (6, 8) . The RNP complexes include various polypeptides, some of which are homologous between mammals and X. laevis (6) .
In plants the identification of cis-and trans-acting factors controlling pre-rRNA processing has been limited by the difficulties in obtaining cell-free systems capable of specific rDNA transcription and/or pre-rRNA processing. The complete sequence of the 5'-ETS has been reported for many plants revealing a great heterogeneity of size and sequence between species (9) . In a few plant species the transcription start site (TIS) and pre-rRNA primary processing site have been localised by mapping the 5'-ends of the major pre-rRNAs intermediates using S1 nuclease and primer extension analysis. Using this approach in radish, a crucifer which has the most simple IGS structure among plants (see 9), our laboratory mapped the pre-rRNA primary processing site to a single rDNA motif (site P) located on the 5'-ETS (Fig. 1 A; 10) . Intriguingly, this motif is found just a few bases downstream from four homologous motifs corresponding to A' M and B (Fig. 1 A) . Computer analysis predicting RNA folding suggests that the A I23 BP clustered motifs induce important secondary structures on the 5'-end of the nascent pre-rRNA (11; data not shown). We recently identified in radish a nuclear factor, NF B, that binds to a double-stranded DNA sequence including site B ( Fig. 1A; 11 ). The specificity of NFB is very strict as it does not bind to the homologous A 123 or P adjacent motifs. In addition NF B does not bind to single-stranded substrates thus excluding the possibility that it is a pre-rRNA binding factor (11) . We suggested that NF B controls the elongation rate of RNA pol I in this region of the 5'-ETS by coupling rDNA transcription to pre-rRNA primary processing (11) , which in vivo occur concomitantly (3) .
Taken together these data suggest that the A 123 BP clustered motif could have a regulatory role in pre-rRNA processing. We proposed that upon transcription the A I23 BP sequences induce RNA secondary structures which would be recognised by trans-acting factor(s) involved in the pre-rRNA primary cleavage in crucifers (11) . This prompted us to search in radish extracts for protein factor(s) recognising this pre-rRNA sequence in vitro. Using the EMSA here we report the identification in radish extracts of a protein which specifically binds to the pre-rRNA sequence encompassing both the primary processing site P and the homologous site B. We purified this protein by affinity chromatography and determined its polypeptide composition by UV cross-Unking photolabelling and gel filtration chromatography. We also present evidence suggesting that nuclear fractions are enriched in this factor. According to its stringent RNA-binding specificity and its physical properties this factor is the first example of sequence-specific interaction between a nuclear protein and the 5'-end of pre-rRNA in plants. We suggest that it could be a novel component of the pre-rRNA processing machinery.
MATERIALS AND METHODS

Plant material
Radish seeds (Raphanus sativus cv. rond rose a bout blanc, National) were purchased from Vilmorin. Three-day-old seedlings grown in daylight conditions were used for all protein extractions.
RNA probes and oligonucleotides
The rDNA sequences transcribed in vitro to generate the pre-rRNA probes were obtained by PCR amplification of the IGS sequence from plasmid pD 12-3(10) using a pair of oligonucleotides containing EcoRl and Hindlll restriction sites at their extremities. 
Preparation of radish seedling extracts
The fractionation procedure is shown schematically in Figure 1C .
Whole cell extracts from radish seedlings were prepared as previously described (11) . The RNA-binding activity corresponding to NF C was followed by EMSA with probe rBP. Proteins were measured by Bradford (12) . All buffers contained 1 mM EDTA, 1 mM EGTA, 10 jig/ml pepstatin A, 0.5 u.g/ml leupeptin, 1 mM PMSF, 1 mM benzamide. All steps were carried out at 0°C. Initially 100 g of fresh tissue were homogenised in a Waring blender in 800 ml of buffer I (50 mM Tris-HCl pH 8.5, 10 mM MgCl 2 ,10% sucrose, 10 mM 2-mercaptoethanol, 20% glycerol).
The homogenate was filtered through Miracloth, 1/10 vol 3.8 M (NH^SC^ was added. After 1 h of stirring the homogenate was centrifuged for 1 h at 38 000 r.p.m. in a Ti 45 rotor (Beckman). The supernatant was precipitated by addition of 0.33 g (NH^SCVml extract. After 1 h of stirring precipitated proteins were recovered by centrifugation. The pellet was resuspended in 5 ml buffer 11/100 (50 mM Tris-HCl pH 8, 6 mM MgCl 2 , 5 mM DTT, 15% glycerol and 100 mM KC1) and dialysed for 3 h against 150 ml of the same buffer. The dialysed extract, corresponding to SI00 fraction (Fig. 1C) , was then loaded on a 15 ml column of DEAE-Sepharose CL6B (Pharmacia) equilibrated with buffer 11/100. The NF C activity was eluted with buffer IT/300 mM KC1. The peak of protein fractions were pooled, diluted with buffer II to a final concentration of 200 mM KC1, and loaded on a 10 ml column of Heparin-Sepharose CL6B (Pharmacia) equilibrated with buffer 11/200 mM KG. The column was washed with buffer 11/300 mM KC1. NF C was eluted with buffer 11/600 mM KC1. The fractions containing NF C activity were pooled, which corresponds to HS600 fraction (Fig. 1C) . Typically 100 g of seedlings yielded 10 mg of proteins in this fraction.
For final purification HS 600 fractions from three different preparations (corresponding to 300 g of tissue) were pooled and dialysed 2 h against buffer 11/100 mM KC1. The dialysed pool was loaded on a 2 ml column of poly(U) Sepharose 4B (Pharmacia) equilibrated with buffer 11/100 mM KC1. All NF C activity was retained. The column was washed with buffer 11/300 mM KC1 and NF C activity was eluted with buffer 11/800 mM KC1. Fractions containing the peak of NF C activity were pooled, representing the US800 fraction, and stored at -80°C. For long storage 0.1 mg/ml of bovine serum albumin (BS A) was added to this fraction.
Nuclear extracts from radish seedlings were prepared starting from 40 g of fresh tissue according to Green et al. (13) .
EMSA analysis
RNA-binding reactions were performed in 15 u.1 of buffer (50 mM Tris-HCl pH 8,6 mM MgCl 2) 5 mM DTE, 15% glycerol and 100 mM KC1) containing 2 u.g yeast tRNA, 10 U RNasin, and the indicated protein fractions. Yeast tRNA (Boehringer) used as competitor was thoroughly extracted with phenol-chloroform. Reactions were started by adding 10 000-20 000 c.p.m. of the RNA probe. Incubation was carried out for 20 min at 0°C. After incubation the reaction was directly loaded on 5% polyacrylamide gel (29/1 acrylamide/bisacrylamide, 20 x 16 x 0.75 cm). The gel was pre-run in TBE buffer (45 mM Tris-HCl pH 8.3, 45 mM boric acid, 0.5 mM EDTA) and electrophoresis was carried out in the same buffer for 1 h at 15 mA. After migration the gel was dried and exposed overnight with autoradiographic film.
SDS-PAGE and UV cross-linking analysis
UV cross-linking analysis was done according to McEwan (14) . For UV cross-linking RNA binding assays were done as usual using 15|ilUS800or5nlofDE100fractions (Fig. 1C) , 100000 c.p.m. of 32 P-labelled probe rBP or asrBP and 200 ng yeast tRNA. RNA-binding assays was carried out at 0°C for 20 min. After incubation the reaction mixture was transfered to a Parafilm sheet, placed in a Stratalinker (Stratagene) and irradiated for 5 min with a 254 nm UV lamp. After irradiation droplets were transfered back into Eppendorf tubes and 1 u.g RNase A and 1 u.g RNase T\ were added. Tubes were then incubated for 30 min at 37°C. The RNase reaction was stopped by addition of 1 vol loading buffer.
Separation of proteins by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on a 12.5% acrylamide gel (15) . Protein samples were diluted with 1 vol loading buffer (4% SDS, 0.125 M Tris-HCl pH 6.8, 10% glycerol, 0.2 M DTT and 0.2% bromophenol blue), and heated to 95°C before loading. Electrophoresis was done on a Protean II apparatus (BioRad). After running gels were stained using the Silver Staining Plus Kit (BioRad), dried and exposed for autoradiography.
Proteins from US800 fraction were concentrated by acetone precipitation. Nine volumes of cold acetone were added to 150 u.1 of this fraction. The sample was kept for 1 h at -20°C, centrifuged, and the protein pellet was resuspended in 20 u.1 loading buffer.
Western blot
Western blots were carried out as described by Domon et al. (16) . Proteins from nuclear and SI00 fractions (6 u.1 each) were resolved by SDS-PAGE (15) on a mini-Protean II cell (BioRad) and transfered onto a nitrocellulose membrane (Schleicher & Schuell). Membranes were then immersed in 5% gelatin in TBS-T buffer (20 mM Tris pH 7.6, 137 mM NaCl, 0.1 % Tween 20). Membranes were incubated overnight at room temperature with anti-serum directed against Brassica napus C24 protein (BnC24) (17) , Arabidopsis thaliana NADPH thioredoxin reductase (NTR) (18) and the large subunit of the tobacco rubisco (rbcL) (19) , using a 1/20 000 (anti-BnC24 and anti-NTR) or 1/40 000 (anti-rbcL) dilution in TBS-T containing 0.1 % non-fat milk. Membranes were then washed in TBS-T buffer and incubated 2 h at room temperature with goat anti-rabbit antibodyconjugated horseradish peroxidase (1/20 000 dilution). For visualisation of protein bands blots were washed with TBS-T, incubated with ECL (enhanced chemiluminiscence) reagent solutions (Amersham) and exposed to X-ray films.
Anti-BnC24 and anti-NTR serum were provided by J. S£ez-Vdsquez and Y. Meyer (our laboratory). Anti-rbcL serum was kindly provided by J. Fleck (CNRS-Strasbourg).
RESULTS
Structure of the primary pre-rRNA processing site region of radish
The structural organisation of the 5'-ETS region including the pre-rRNA primary processing site of radish is shown in Figure 1A (data from 10,11). The pre-rRNA primary processing site was mapped 186 bases downstream from the TIS, in a UUUUCGCGC element (motif P in Fig. 1A ). This motif, characterised by four Us followed by alternating CG residues is preceded by three UUUUCCGG elements (motifs A 123 ) and a single UUUUGCCCC element (motif B). Motif B differs from motifs A 123 and P because it has a single G separating the two pyrimidine stretches. The double-stranded DNA form of motif B is specifically recognised by a nuclear factor NF B previously characterised in radish extracts (11) . This cluster of motifs is found nowhere else in the radish rDNA unit. Identification of a specific pre-rRNA-binding activity in radish seedling extracts
To identify radish factors that specifically bind to the pre-rRNA sequences we used the EMSA to reveal stable interactions between RNA probes containing the A' 23 BP sequences (Fig. 1B ) and fraction HS600, a partially purified protein fraction from seedlings (Fig. 1C) . Fractionation of the extracts was necessary to reduce probe degradation and proteolysis which occur in crude fractions. To reduce non-specific interactions between proteins and RNA probes the binding assays were done in the presence of a large excess of yeast tRNA. Using these conditions incubation of probe rA l23 BP with increasing amount of HS 600 fraction results in the proportional formation of a major complex C of reduced electrophoretic mobility ( Fig. 2A, lanes 2-5) . This complex reveals a specific protein/rA 123 BP interaction as no retarded complex is detected with probe asrA l23 BP, corresponding to the anti-sense pre-rRNA sequence (lanes 10-13) or without protein (lane 1). Pre-incubation of the HS600 fraction at 50°C or with proteinase K eliminates the rA 123 BP binding activity (not shown). We called this specific rA 123 BP-binding activity present in the radish HS600 fraction Nuclear Factor C (NFC).
We tested optimal conditions for NF C activity. The binding of NF C to rA l23 BP requires Mg 2+ with an optimum of 5-10 mM and is resistant to 400 mM KCI (results not shown). Treatment of the HS600 extracts with microccocal nuclease had no effect on C complex formation (result not shown), which suggests that the binding of NF C to the probe does not require an additional RNA component (5,7).
Finally we must say that in most preparations a second complex 'pc' appears migrating slightly faster then complex C, and the ratio of C to pc varies between preparations (see Figs 2-A) . This is due to the extreme sensitivity of NF C to the high proteolytic activity of plant extracts: all C complex is transformed in pc complex by incubating crude protein extracts at room temperature or by omitting protease inhibitors from extraction buffers (results not shown). This suggests that pc is a proteolysed form of C complex
The recognition of probe rA 123 BP by NF C is specific. To determine whether this RNA-binding activity recognises the whole A I23 BP sequence we did the EMSA with separated rA 123 and rBP probes (Fig. 1B) . A retarded complex C is detected only with probe rBP (Fig. 2A, lanes 6-9) . No complex is detected with probe rA 123 ( Fig. 2A, lanes 14-17) . Complex C detected with rA 123 BP and rBP responds in a similar manner to specific oligonucleotides competitors confirming that both probes are recognised by the same protein fraction (not shown). The stronger signal of retarded rA l23 BP complex (lanes 2-5) compared with the signal detected with the rBP probe (lanes 6-9) does not simply reflect the 2-fold higher specific activity of the longer probe. This indicates that NF C has a greater affinity for the rA' 23 BP than for the rBP probe and suggests that additional bases in the longer probe increase the RNA-binding affinity of NF C.
A very important result is the lack of binding of HS600 protein fraction to probe rA 123 ( Fig. 2A, lanes 14-17) , which contains three UUUUCCGG motifs (Fig. 1B) . This clearly shows that the binding of NF C to rBP and rA 123 BP implicates a sequence-specific interaction and is not simply due to recognition of the U-stretches present in these probes. In addition this indicates that RNA-binding activities are also distinguished by their relative affinity for ribonucleotide homopolymers (20) . The binding of NF C to rBP was displaced by an excess of poly U (Fig. 4 , lanes 3-6) but not by poly A (lanes 7 and 8), poly C (lanes 9 and 10) or poly G (lanes 11 and 12). So NF C binds to poly U but has little affinity for poly A, poly C or poly G. the motifs recognised by this RNA-binding activity are restricted to the rBP sequence.
Next we tested the relative affinity of NF C for single-stranded versus double-stranded specific substrates. A double-stranded rBP/DNA probe was made by annealing the rBP probe to a DNA oligonucleotide corresponding to the anti-sense sequence (see Materials and Methods). This anti-sense oligonucleotide is not recognised by NF C (not shown). NF C, which binds to single-stranded probe rBP (Fig. 2B, lane 1) , does not bind to the double-stranded probe rBP/DNA (Fig. 2B, lanes 2-4) . Neither does it binds to dsDNA substrate (not shown). Thus NF C binds only to a single-stranded RNA or DNA substrate. This result is important because it excludes the possibility that NF C binds to the rDNA.
To further delimit the sequence recognised by NF C we performed competition studies using oligonucleotides derived from the rBP sequence (Fig. 3) . First we showed that the unlabelled rBP competitor (synthesized with the T7 RNA polymerase from linearised plasmid pGBP/HindlU) displaces NF C binding to the probe rBP when present in excess in the binding assay (line 1). Oli r49, which lacks 27 bases from the 5'-and 3'-ends of probe rBP, displaced NF C binding to the rBP probe as well as the unlabelled rBP competitor (compare lines 1 and 2). Oli r49 can be further deleted at its 3' end to keep just site P: the resulting oli r38 still efficiently competes for the binding of NF C to rBP (line 3). A further reduction of oli r38 sequence has drastic effects on NF C binding: oli r35, lacking the CCGG bases from motif A 3 (line 5) or oli r28 lacking the P site (line 6) have little capacity to compete for NF C binding. Finally mutating the B site also affects the binding of NF C: oli r38 mB, in which two Us of the B motif were replaced by two Gs has a lower capacity to displace the C complex (line 4) when compared to oli r38. These data show that the minimal sequence efficiently recognised by NF C is oli r38 which includes the 3' end of motif A 3 and the B and P motifs.
Purification of NF C NF C binds to poly U (Fig. 4) . Therefore HS600 fractions containing NF C activity were further fractionated by poly (U) Sepharose chromatography (Fig. 1C) . All NF C activity was retained on the column equilibrated with a 100 mM KC1 buffer and subsequently washed with a 300 mM KC1 buffer. NF C was step eluted with a 800 mM KC1 buffer. Peak fractions with NF C activity detected by EMSA were pooled, corresponding to the US800 fraction. NF C was here separated from NF B, a sequence specific rDNA-binding activity previously described (11) , which eluted in the 300 mM KG wash (not shown).
To identify NF C the pooled US800 proteins were first separated by SDS-PAGE and visualised by silver staining. The US800 NF C fraction is highly enriched in two polypeptides of 67 and 60 kDa (Fig. 5 A, lane 1) . To confirm a correlation of these proteins with NF C activity we used UV cross-linking photolabelling to visualise the polypeptides directly interacting with probe rBP (14) . Two polypeptides were specifically photolabelled which comigrate with the 67 and 60 kDa species detected by silver staining (Fig. 5A, lanes 3 and 7) . Preincubation of the US800 fraction at 50°C (lane 5), with proteinase K (lane 6) or addition of an excess of specific competitor oli r49 to the binding assay (lane 4) reduces labelling of these bands. No polypeptide was labelled in the absence of UV irradiation (not shown), when UV cross-linking was done without the protein fraction (lane 2), with a DEI00 protein extract (Fig. 1C) which is devoid of NF C activity (lane 8) or upon incubation of NF C activity with an anti-sense asrBP probe (lane 9). These results confirm that the labelling of 67 and 60 kDa species by UV cross-linking can be attributed to NF C.
The 67/60 kDa ratio of UV photolabelling perfectly correlates with the C/pc complex ratio detected by the EMSA in this preparation as well as in all different preparations of NF C tested (not shown). Thus the 67 and 60 kDa proteins are respectively related to C and pc complex formation. Considering that pc is a proteolysed form of the C complex this suggests that the 60 kDa Proteins of the US800 fractions were separated by SDS-PAGE and visualised either by silver staining of the gel or by UV cross-linking photolabelling, as indicated. For silver staining visualisation 150 uJ of US800 pool were concentrated by acetone precipitation prior to loading on the gel. For UV cross-linking analysis the binding assays were performed with probe rBP and 15 uJ of US800 fraction indicated by (+). Control reactions were done without protein (-) or with 5 uJ of DE100 fraction (DE, see Fig. 1 ) which is devoid of NF C activity. Other controls were binding reactions performed with an excess of oli r49 (cp), using a US800 fraction pre-heated 5 min at 50°C (50°), or treated with Proteinase K (PK). An additional control (as) is a binding assay performed with 15 uJ of US800 fraction and the anti-sense rBP sequence probe. The insert shows the C/pc ratio detected with EMSA made with 1 and 2 Ul of US800 pool fraction. (B) Determination of the size of native NF C activity by Sephadex-G-100 chromatography. The column was loaded with US800 fraction and the elution of NF C activity was determined by the EMSA with the rBP probe (see Materials and Methods). The arrow indicates the Ka V of the peak of NF C activity (C and pc complexes). Filled circles indicates the Ka V of proteins used for column calibration:
(1) ovalbumin (43 000 kDa), (2) bovine serum albumin (67 000 kDa), (3) human transferrin (81 000 kDa) and (4) rabbit aldolase (158 000 kDa). Ka V = V e -VQ/V, -Vo, where V e is the elution volume of the protein, V, and V o are the total and the exclusion volume of the column respectively (31).
species derives from limited proteolysis of the 67 kDa species, without affecting its RNA-binding specificity.
To confirm the previous data and determine whether the 67 kDa species binds to rBP probe as a monomer or a dimer we evaluated the size of native NF C by gel filtration chromatography. When Western blot analysis to evaluate the relative amount of the rbcL, NTR and BnC24 proteins in the S100 and the nuclear fractions. The arrows indicate the bands corresponding to each of these proteins. N.E. stands for nuclear extract. The original SI 00 fraction is shown in Figure 1C .
the US800 fraction was passed on a Sephadex-G-100 column the NF C activity generating both C and pc complexes eluted as a single peak corresponding to a molecular mass of -80 kDa (Fig.  5B) . This is higher then the 67 kDa estimated by SDS-PAGE for NF C but clearly differs from the -130 kDa expected for a dimer. This suggests that the 67 kDa species binds to the rBP probe as a monomer forming the complex C detected by the EMSA.
NF C is a nuclear activity
Pre-rRNA processing occurs in the nucleolus (1,2). Therefore we searched for NF C in nuclear extracts (13) prepared from radish seedlings. The EMSA shows a strong NF C activity in the nuclear fraction which binds to the rBP probe forming a complex (Fig.  6A , lane 2) that comigrates with complex C detected with pure NF C fraction (lane 1). The C complex detected with nuclear extracts is displaced by an excess of oli r38 (lane 3) but not by oli r35 (lane 4) as shown for NF C (Fig. 3) . The strong smear detected in these EMSA, as well as the low amount of pc detected (Fig. 6A , lanes 2-8) is due to a very rapid degradation of complex C occurring in crude fractions (not shown). We confirmed the presence of the 67 kDa protein corresponding to NF C in the nuclear extracts by UV cross-linking analysis (result not shown).
To confirm an enrichment of NF C in the nuclear fraction we compared the amount of NF C activity detected by EMSA to the amount of proteins of known subcellular localisation detected by Western blot in the nuclear and S100 total cellular fractions. NF C activity is comparable in the nuclear (Fig. 6A , lanes 5 and 6) and SI00 fraction (lanes 7 and 8) . A similar result is obtained for BnC24, a nuclear protein from crucifers (17, 21) that is also detected at the same level in both fractions (Fig. 6B, lanes 1 and  2) . The relative distribution of NF C and BnC24 clearly contrast with the distribution of NADPH-thioredoxin reductase (NTR), a cytosolic protein (18) which is only found in the SI00 extract (Fig. 6B, lane 1) and is undetected in the nuclear fraction (Fig. 6B, lane 2) . The distribution of NF C also clearly differs from the partition of the large subunit of rubisco (rbcL), a chloroplastic protein (19) . Most of rbcL is in the S100 fraction (Fig. 6B, lane  1) , with only a very minor percentage detected in the nuclear extracts (Fig. 6B, lane 2) . The minor rbcL signal contaminating the nuclear extract can be explained because rbcL is the most abundant protein in plant cells (19) . We confirmed by EMS A the absence of NF C activity in protein extracts prepared from purified radish chloroplasts (not shown).
These results indicate that NF C activity is enriched in the nuclear fraction and suggests that it is a nuclear protein.
DISCUSSION
We have identified and purified a nuclear protein, NF C, that binds to the pre-rRNA sequence encompassing the primary processing site in radish. The most striking characteristic of this RNA-binding activity is its strict substrate specificity: NF C binds only to probes rA l23 BP or rBP ( Fig. 2A) . It does not bind to any other sequence such as tRNAs, which is in excess in the binding assays or anti-sense pre-rRNA sequences (Figs 2A and 5) . Most important the lack of binding to rA 123 ( Fig. 2A) shows that NF C can discriminate between the very similar rBP and rA 123 sequences. This demonstrates that the interaction of NF C with rA' 23 BP or rBP is sequence-specific and is not simply due to recognition of the U stretches in these probes. Based on the competition studies we delimited the minimal RNA sequence recognised by NF C to 38 bases, extending from the 3' end CCGG of motif A 3 to the P site, including the B motif (Fig. 3) . A structural analysis using the Mulfold program suggests that this 38 bases RNA has a high potential to form a stable stem-loop structure which is conserved in all probes recognised by NF C (not shown). Elimination of the CCGG 3' end from the A 3 motif or mutation of two Us of B motif into Gs (oli r35 and oli r38mB respectively) would drastically alter the secondary structure of these oligonucleotides compared with oli r38 (not shown). When we assayed these competitors we showed that NF C has a lower affinity for oli r35 and oli r28mB in comparison to oli r38 (Fig.  3 ). This could indicate that the secondary structure of the RNA may also be an important recognition element for the binding of NF C (20) .
Another important result is that NF C binds only to singlestranded probes, and not to double-stranded substrate (Fig. 2B) . So NF C cannot bind to the rDNA, thus differing from NF B, a radish factor which binds to double-stranded rDNA but not to the RNA sequence (11) . Indeed NF B and NF C activities were separated on the poly (U) Sepharose chromatography (not shown).
Another major point concerns the protein structure of NF C. Based on UV cross-linking analysis and gel filtration chromatography NF C corresponds to a 67 kDa protein that binds as a monomer to the probe to form complex C which is detected by EMSA (Fig. 5) . The 60 kDa protein would derive from a proteolysis of the 67 kDa form occurring in the first steps of protein extraction (not shown) and is correlated to pc complex formation (Fig. 5) . Indeed, because of the extreme lability of NF C we cannot exclude the possibility that the 67 kDa species is already a proteolysed form of a major precursor. This situation, where a limited proteolysis of a precursor originally undetected by the EMSA, generates a heterogenous population of sequencespecific DNA binding factors has already been described (22) .
Based on its RNA substrate specificity and its molecular mass NF C would differ from nucleolar proteins with RNA-binding activity identified in plants. In onion cells the plant homologue of fibrillarin, a -38 kDa protein involved in pre-rRNA processing in mammals and yeast (2, 23) has been identified as a 37 kDa protein that cross-reacts with antibodies directed against human fibrillarin (24) . In maize a cDNA coding for a 16 kDa protein characterised by an RNA-binding domain and a GAR nucleolar motif has been cloned (25) . This protein binds to poly G and poly U in vitro (25) and has been immunolocalised in the nucleolus (26) . The substrate and role of this protein are unknown.
In plants specific RNA-binding has been shown only for chloroplast proteins involved in the 3'-end processing of the chloroplast RNAs (27, and references therein). Specific binding to nuclear-encoded RNAs has been reported only for a 50 kDa protein from bean which binds to the 3'-end of an mRNA coding for a proline-rich polypeptide (28) . Poly(A) binding proteins have also been identified in plants but no specific binding has been shown for these activities (29, 30) . To our knowledge NF C is the first example in plants of a nuclear protein that binds specifically to the 5'-end of a nuclear-encoded RNA.
A main question is the function of NF C. It is tempting to propose that NF C is involved in pre-rRNA primary processing in radish. The main argument is that NF C strictly binds to the radish pre-rRNA sequence including the primary processing site mapped in vivo (10) . It does not bind to the non-coding rDNA strand or to the rDNA IGS (Fig. 2) . In agreement with this proposal we found that NF C activity is enriched in nuclear extracts and could be a nuclear protein (Fig. 6) . Additional support to this hypothesis is that homologous BP clusters almost identical to those in radish are found in other crucifer IGSs, always located in the 5'-ETS (not shown). Though primary pre-rRNA processing sites have not been reported for these species, this suggests a conservation of putative NF C binding sites associated with pre-rRNA processing sites.
In vertebrates the pre-rRNA primary cleavage correlates with the formation of a large RNP complex at the pre-rRNA primary processing site in vivo (3) and in vitro (5-7). These RNP complexes, detected by EMSA, include at least six proteins, some of which are homologous between mouse and X.laevis (6) . The individual roles of these polypeptides are not known though one could correspond to a specific pre-rRNA endonuclease (7) . In plants terminal balls identified as pre-rRNA processing complexes (3) are also detected at the 5'-end of the nascent pre-rRNA (4). NF C could be one component of this plant pre-rRNA processing complex. Various roles should then be considered. NF C could be directly involved in the pre-rRNA primary cleavage, as shown for a purified murine endoribonuclease which forms a stable complex with the mouse pre-rRNA and cleaves it at the primary processing site (7) . Alternatively the binding of NF C to the pre-rRNA could serve to direct the factors involved in the cleavage to the processing site. Another possibility is that NF C could modulate the secondary structure of the pre-rRNA to activate (or inhibit) pre-rRNA processing.
In conclusion we present here the first evidence obtained in plants for a nuclear protein, NF C, that binds specifically to a pre-rRNA sequence which includes the primary processing site. These results, in agreement with our previous data (11) , suggest that the A 123 BP cluster could be an important element involved in pre-rRNA processing. We are now currently studying the effect of NF C binding on the pre-rRNA at the primary and secondary structural level in vitro. In addition as NF C has been purified we intend to clone the corresponding cDNA in order to elucidate the identity of NF C.
